This study reflects the usefulness of sequence analysis of the 16S ribosomal RNA gene in identifying bacteria and determining bacterial diversity. Various techniques that are based on utilizing the 16S rRNA gene are discussed. Of critical importance is the use of massively parallel sequencing to study bacterial diversity. Through massively parallel sequencing which is replacing traditional methods of bacterial identification; various bacterial habitats are surveyed to compile their species compositions.
INTRODUCTION
Human imagination, curiosity and science have all defined the existence of knowledge. Human beings delve into the expanse of our universe hoping for breakthroughs in the most complex subjects of life. Life baffles our minds as we continue in the un-ending search for answers. The origin of life is one question that never evades in its perplexity and intricacy. Evolution is the other, so is species diversity. Charles Darwin formulated a theory that life arose in a "warm little pond" (Darwin, 1863) . Similarly, the Oparin Ocean Scenario states that life arose spontaneously from an "oceanic soup" of chemical elements (Oparin, 1924) . These two accounts and any scientific theory are not sufficient to explain creation and therefore scientists often end up in a maze of false imagination. Regardless of the spark to life and specifically microbial life, human beings continue to seek answers to questions of creation. To seek consolation, biologists study evolution to trace the present microbial diversity to the most primitive form of life and we arrive at single-celled prokaryotes and single-celled eukaryotes as the simplest and precedent functional biological units.
Based on the fact that prokaryotes are simpler and more primitive it is believed that they were first to arise, followed closely by eukaryotes, and subsequently by creatures in the taxa that fall conveniently under the well accepted prokaryote-eukaryote dichotomy. Darwin also made various observations from plants to bees and theorized that plants and animals were adapted in the environment in which they live. Darwin believed that these passed their diversity to their offspring which would then evolve over time. Due to its richness in morphological traits which traditionally formed the basis for classification of organisms, macroscopic life was obviously easier to study than microbial life. In addition to the tedious processes of cultivating microorganisms, microbial morphologies were too simply to provide sufficient information for classification. This difficulty resulted in lack of enthusiasm by students to study microbiology also causing doubt about whether it was worth exploring these unknown "riches" of the microbial world.
However, some early microbiologists steadfastly E-mail: ntushk@unisa.ac.za. studied microorganisms just as botanists and zoologists studied animal and plants, respectively. Microorganisms are probably the most diverse group of organisms but their diversity remains relatively poorly understood. Advent of tools like microscopes helped increased our knowledge of microbial diversity and microbes could then be classified as, among other groups, fungi, bacteria and viruses which are themselves very diverse. Among earlier milestones was the classification of the bacterial genus Pseudomonas and the compilation of the Bergey"s Manual of Systematic Bacteriology which remained the blueprint of bacterial classification for decades after its adoption. While chemists had the periodic table of elements, botanists and zoologists, the Linnaean taxonomy, microbiology had up until the Bergey"s manual been devoid of a reference system for bacterial classification.
Although the Bergey"s manual seemed to organize microbiology, there still remained a desire to represent bacterial relationships on a single illustration. This would be the phylogenetic tree of life which was based on sequence analysis of ribosomal RNA genes (Woese et al., 1990) . The 16S ribosomal RNA gene became a single criterion on which order would be created to reflect bacterial diversity. Further study of diversity within microbial groups was also aided by other molecularbased techniques which traversed beyond the limitations of studying morphology to classify microorganisms. However, the 16S rRNA gene remained the primary reference for bacterial classification. Various laboratories in the world have generated and deposited 16S rRNA gene sequences in web-based databases. So rapid was this process that DNA sequence databases have over a short period been flooded with 16S rRNA gene sequences to afford researchers the opportunity to search these databases to classify bacteria. Sequence databases currently contain over a million full-length 16S rRNA gene sequences representing a broad phylogenetic spectra that are a useful benchmark for identifying bacterial taxa from diverse samples (Cole et al., 2009) .
The purpose of this review was to rearrange all information linked to bacterial classification using sequence analysis of the 16S rRNA gene. There is not a recent collation of the information herein presented to reflect an evolutionary process of classifying bacteria. The author reflected on the use of the 16S rRNA gene as a tool for studying bacterial diversity. The look at the 16S rRNA gene cuts across various techniques that are used to study bacterial diversity.
THE 16S rRNA GENE
Cytochrome c and ribulose bisphosphate carboxylase are just two examples that have been used for phylogeny for organisms in general but fell away as favourites because not all organisms have these macromolecules and therefore comparison of distant taxa was not possible. Ribosomal RNA genes are a convenient measure for taxonomy (Woese et al., 1990) . For the purposes of classification up to species level, although not sufficient, the 16S rRNA gene is the primary reference for bacteria (Fox et al., 1992) . For strain differentiation within a species other measures beyond the scope of this review may be necessary. Among the three types of RNA that are contained by bacterial ribosomes, namely, 16S rRNA, 5S rRNA and 23S rRNA, the 16S rRNA is regarded as the most convenient and reliable measure.
Molecular approaches for detecting and classifying bacteria rely on the PCR amplification and sequence analysis of the 16S rRNA gene. The 16S rRNA gene is a suitable parameter for bacterial classification because the 16S rRNA gene is universal among bacteria and is conserved but has sufficient variation to distinguish between taxa (Gutell et al., 1985; Noller, 1984) . One PCR primer pair can target the 16S rRNA gene from a wide range of bacterial species. The supreme advantage of the 16S rRNA gene-based analysis is that it may bypass culturing of bacteria as PCR detection is done on DNA extracted from crude samples. Due to this direct amplification of the 16S rRNA gene from DNA samples, it is possible to detect unculturable bacteria which are estimated to exceed 99% of microorganisms observable in nature (Amann et al., 1995) .
Due to these culture-independent surveys, the number of identifiable bacteria has increased drastically in recent times. In these studies, the 16S rRNA gene is PCRamplified from a DNA sample, the PCR fragment is sequenced, the sequence is queried on a database like the NCBI, sequence hits are pooled from the database, the sequences are used for phylogenetic analysis. The gene databases have facilitated these studies and as a result bacterial diversity surveyors are able to share information eliminating the need for repeated surveys. Various regions of the 16S rRNA gene can be explored to study variation among bacterial phylogenies. Targeting specific regions of the 16S rRNA gene approximately 100 bp instead of longer reads can provide sufficient information for classification (Monstein et al., 2001) . Various PCR primers are available to target these regions (Sundquist et al., 2007; Claesson et al., 2010) . When analyzing meta-gonomic samples, only a portion (about 500 nucleotides) of the 16S rRNA gene is sufficient for phylogenetic allocation of unknown bacteria into respective taxa (Lane et al., 1985; Claesson et al., 2009 ). However, the shorter the reads the more it becomes difficult to classify bacteria beyond level above the species level (Claesson et al., 2010) . However, use of short reads makes massive parallel sequencing convenient for gross analysis of metagenomic samples because of the short read lengths produced by the high-throughput sequencing instruments. However, a longer sequence that covers almost the entire 16S rRNA may be preferable.
16S rRNA GENE PCR UNIVERSAL PRIMERS
Because the 16S rRNA gene is common among all known bacteria, it serves as a primary reference for classification. In addition, the 16S rRNA gene is conservative and therefore allows design of universal primers (Greisen et al., 1994; Radstrom et al., 1994) . Used in a PCR, a single pair of the 16S rRNA gene universal primers is capable of amplifying the 16S rRNA gene from diverse bacterial taxa (Bottger, 1989) . Bottger (1989) demonstrated that a portion of the 16S rRNA gene could be amplified from Legionella pneumophila, Escherichia coli or Mycobacterium tubertulosis using only one pair of primers. This discovery provided a convenient and rapid method of studying bacteria as one set of primers could be used across bacterial taxa. This became more useful in metagenomic studies of assessing bacteria in a sample. The most suitable set of universal primers is one that is designed to flank the entire 16S rRNA gene or the variable regions of the 16S rRNA gene which are on their own sufficient for classifying bacterial taxa. Selecting universal primers to amplify the 16S rRNA gene from a broad range of bacteria remains a daunting task. It appears impossible to design a primer pair that can amplify the 16S rRNA gene from all known bacteria. However, Klindworth et al. (2013) made a selection of best available primers for Bacteria, Archea and Eukaryota and found primers whose amplification of various regions of the 16S rRNA gene to span all three domains.
16S rRNA GENE DATABASES
Sequence information of the 16S rRNA gene sequence is being kept to allow bacterial investigators the opportunity to undertake comparative studies for classifying bacteria. The Ribosomal Database Project (RDP) was established to create a credible bank for 16S rRNA gene information (Cole et al., 2011) . The RDP is both a collection of sequence information of the 16S rRNA gene as well as a software suit with tools to organise raw sequences into alignments, annotate sequences and organise information to provide a phylogenetic analysis of the data for understanding bacterial diversity. The RDP has regular updates of its collection as well as a user account system for users to integrate their data with the existing data. Quality of deposited 16S rRNA gene sequences is assured using the Pintail chimera detection program (Ashelford et al., 2005) . Analysis tools of the RDP include Ntushelo 5535
the Hierarchy Browser which allows users to browse the dataset by taxonomy, publication or sequenced genome.
The RDP also has a SeqCart into which a user can add selected sequences so that analysis can be performed only on the sequences in the cart. The RDP uses the naive Bayesian classifier to rapidly and precisely classify bacterial 16S rDNA sequences into phylogenies and it is suitable for both single rDNA reads and libraries of thousands of reads generated by high-throughput genome sequencing platforms (Wang et al., 2007) . This classifier is trained on known and continuously updated sequences of the 16S rRNA gene and a few other sequences of value to bacterial diversity. From each query, a base word is selected and probed on the database to determine joint probability of assignment to a genus based on the naive Bayesian assumption using a multiple bootstrap repetition. The RDP Classifier also checks the orientation of the sequences being matched to ensure that reporting of only those sequences that have the same orientation for both full-length and partial 16S rRNA gene fragments. The RDP Library Compare compares differences between taxa from two sample libraries. Sequence Match of the RDP finds sequences in the database with the closest identity to the query sequence. The query sequence can be matched with sequences either in SeqCart, or with sequences on its page or on sequences on the web through the RDP web service interface. The RDP Probe Match allows rapid searching of the database to check primer and probe coverage and specificity of probes up to over 60 bases in length. For near-matching strings Probe Match includes ambiguity codons in the search output. The RDP Tree Builder allows users to draw phylogenetic trees with bootstrap confidence values. Another important tool of the RDP is RDP Taxomatic with which users can create interactive heatmaps based on pairwise distances between 16S rRNA gene sequences. RDP Web Services Interfaces allows programmers to link RDP tools with other web interfaces. Another useful database is the SILVA which serves as a central repository of aligned rRNA sequences from from Bacteria, Archea and Eukarya. SILVA maintains strict quality control procedures for sequence deposits. Short sequences are rejected and it has a low filtering tolerance for ambiguities. The SILVA online interface suit can be used to query rRNA gene sequences, align sequences for phylogeny-based studies (Pruesse et al., 2007) .
The Basic Local Alignment Search Tool (BLAST) of the NCBI (http://blast.ncbi.nlm.nih.gov/) is a widely used bioinformatics program. BLAST has wide applications from nucleotide to protein sequences. A query 16S rRNA gene sequence can be compared with all entries in the database to match it with sequences that resemble it above a defined threshold value and emphasize speed in the search for optimal alignment from a huge dataset.
Hits of 16S rRNA gene sequences come as the BLAST output and they can be arranged according to coverage or similarity. Hits can be retrieved in FASTA formats which can be used to draw a phylogenetic tree.
The traditional 16S-cloning-and-sequencing approach, provides an in-depth analysis of the richness of bacterial species within a sample, however, it remained laborious, costly and would mostly only detect just about a hundred sequences per sample. This warranted alternative assaying techniques, namely terminal restriction fragment length polymorphisms (t-RFLP) (Muyzer et al., 1993; Liu et al., 1997; Fisher and Triplett, 1999) and the denaturing gradient gel electrophoresis (DGGE). These techniques remained relevant and provided useful information for classifying bacteria.
Terminal-restriction fragment length polymorphism
The terminal-restriction fragment length polymorphism technique is used to study bacterial diversity based on the variation of the 16S rRNA gene. The 16S rRNA gene is PCR-amplified with either one or both of the PCR primers fluorescently labelled. The PCR products are digested with a restriction enzyme. The fragments are separated by electrophoresis and the fragment lengths indicate the diversity that is in the analyzed sample.
Temperature gradient gel electrophoresis/denaturing gradient gel electrophoresis
These methods exploit the different denaturing properties of double-stranded 16S rRNA gene copies with sequence differences. Small sequence differences between 16S rRNA gene strands can be detected by these methods. Base differences in the 16S rRNA gene determine the stage of electrophoresis at which the double-stranded 16S rRNA gene melts in a gel with either a temperature or a denaturing chemical gradient. Differences in these denaturing differences can correspond to 16S rRNA gene variation.
METAGENOMIC APPROACHES
Metagenomics began in the 1980s as the idea of gross extraction of DNA from a sample with a mixture of nucleic acid Pace et al., 1986) . PCR was used to selectively amplify the target 16S rRNA gene which would then be cloned and sequenced to reveal the identity of the bacterial species from which the 16S rRNA gene came. Sequences representing 16S rRNA gene fragments could be aligned and used to draw a phyloge-netic tree. Such a system allowed even relationships between cultured and uncultured bacteria to be determined phylogenetically. Although the idea of metagenomics began in the 1980s, it was not until 1998 that Handelsman referred to this gross genomic sample as a "metagenome" (Handelsman, 1998) .
Metagenomic studies inundate data storage bins with massive amounts of data which can be hard to manipulate. This is especially true if the metagenomic analysis is not targeted to a specific gene. For the purposes of bacterial classification, the 16S rRNA gene is a suitable target for analysis. Targeting only this gene helps to scale down data generation in metagenomic studies using high-throughput sequencing platforms. The 16S rRNA gene is PCR-amplified from the metagenome and barcoding allows a mixture with hundreds of samples to be combined in one sequencing run.
High-throughput genomic DNA sequencing from gross DNA samples is able to provide a rapid bacterial survey with a broader range of captured species. Using highthroughput genomic sequencing platforms, metagenomics has become popular in surveys of plant-associated bacteria, animal-associated bacteria, human bacteria and environmental bacteria (Handelsman, 2004) . Uses of this approach have gained wide applications in the search for novel bacterial species and novel enzymes (Handelsman, 2004) .
Data analysis
Metagenomic data may be analyzed using the phylotyping approach. In phylotyping, sequences are grouped into bins based on their similarity with reference entries in the database. All the 16S rRNA gene sequences are given identities based on previously cultured and classified bacteria. Another approach, the operational taxonomic unit (OTU) approach, does not restrict classification based on already created bins but groups the 16S rRNA gene sequences based on their similarity with each other. The problem with the OTU approach is that cutoffs for assigning a group to the same taxonomic rank e.g. species is not easy to set and therefore placement of 16S rRNA gene sequences remains problematic and the computer algorithms for clustering sequences are slow and demand high amount of computer memory (Schloss and Handelsman, 2005; Schloss et al., 2009; Sun et al., 2009) . To evade this problem other workers use Cd-hit, a program which can cluster large datasets with high speed and accuracy (Li and Godzik, 2006) . It remains crucial to run 16S rRNA gene datasets on multiple software in order to benefit from the various strengths provided by the different programs.
HIGH-THROUGHPUT

GENOMIC SEQUENCING PLATFORMS
Sequencing DNA is an attempt to decipher the permutation of its nucleotides. Early attempts to establish a sequencing system included, the Maxam-Gilbert sequencing and chain termination methods (Maxam and Gilbert, 1980; Sanger et al., 1977) . The Maxam-Gilbert method or the chemical sequencing method was developed by Walter-Gilbert and Alan Maxam in 1977. Purified DNA could be used directly in the sequencing reaction. End-labelled DNA is cleaved at specific bases using specific reagents. The labelled fragments cleave using dimethyl sulphate which selectively attacks purines, and hydrazine which selectively attacks pyrimidines. The fragments are electrophoresed in a high resolution polyacrylamide gel to deduce the sequence of the DNA molecule. The chain termination method requires a single strand of the DNA molecule whose sequence must be determined, a DNA primer, a DNA polymerase, labelled nucleotides, nucleotides that serve as terminators because of their lack of 3"-OH group which are required to form phosphodiester bonds between two nucleotides. Based on the sequences of the template DNA, DNA strands of various lengths are synthesized. The newly synthesized strands are denatured by heat and run in a polyacrylamide gel. From the various size fragments on the gel, sequence of the DNA molecule can be deciphered.
The advent of the Sanger sequencing technology (Sanger et al., 1977) afforded scientists the ability to obtain genetic information from any biological sample. Sanger sequencing became widely adopted as knowledge of the genome constitution of various organisms. However, the low throughput of Sanger sequencing could not match the desire and demand for genomic information. This necessitated the advent of the groundbreaking high-throughput technologies by Illumina, Roche (454), Applied Biosystems (SOLiD) and Life Technologies (Ion torrent). With their massively parallel sequencing, these technologies accelerated the survey of habitats to assess the compositions of their bacterial populations by generating multitudes of sequence reads of the 16S rRNA gene. Analysis of the sequence of the 16S rRNA gene of environmental samples has uncovered bacterial phylogenies with little or no representation among bacteria already studied. Some of these novel organisms inhabit fringe ecosystems in which some global chemical cycles are determined. This discovery would have been delayed had it not been the power of massive parallel sequencing that has been adopted by several laboratories worldwide.
In 454 sequencing, adaptors are attached to sequence fragments and the fragments are attached to beads by means of these adaptors. The samples (beads/adaptors/ Ntushelo 5537 DNA fragments) are loaded into picotiter plates where the beads enter into individual wells. Packing beads are added into the wells to aid the spectrometer in reading the sample. Illumina relies on chain termination to determine sequences of DNA fragments. Adaptors are attached to DNA fragments, the adaptors hybridise with a flow cell which has a "forest" of adaptors. The fragments bend over to attach to adaptors and bridge amplification takes place to generate multiple copies of the fragments. This technology uses chemical modification of the nucleotides with fluorescent molecules of different colours to read the bases. Laser detection is incorporated to detect reads.
SOLiD uses emulsion PCR amplification similar to 454. It distributes its fragment library into microbeads that can vary in size and richness of slides they are on. Fluorescence is then emitted when each fragment is ligated into a single strand sequence. Exact call chemistry is employed to capture data. Four different coloured primers are used to map out possible combinations with the sequence.
The Ion torrent sequencing technology does not use any light-based medium to transmit information. It detects pH changes inside the semiconductor chip and those chemical changes are translated into digital bases that appear as output.
Studies to assess plant-associated bacteria
Analysis of bacterial communities associated with the plant root zone benefited tremendously from utilizing sequence analysis of the 16S rRNA gene. No longer are soil microbiologists limited to culturing of soil bacteria and identifying the cultured microorganisms. Their scope of bacteria to be studied also extends to unculturable bacteria which were otherwise not detected by traditional means. By PCR using universal primers, the 16S rRNA gene can be amplified from a variety of bacterial taxa in the targeted sample.
Due to this large-scale generation of sequencing data, soil biologists are able to establish associations between the bacteria, the soil and the rhizosphere rapidly. Such knowledge can speed up efforts to manipulate the ecology of the soil for the benefit of the plant. As means to assess differences between two phytoplasma groups, namely, the lethal yellowing phytoplasma that infects Cocos nucifera L. and the Texas Phoenix palm decline group that infects Phoenix spp. and Sabal palmetto, Ntushelo et al. (2012) used sequence analysis of the 16S rRNA gene. Sequence analysis of the 16S rRNA gene is widely used to classify phytoplasmas. Phytoplasma were generally classified using traditional methods but have now been reclassified using sequence analysis of the 16S rRNA gene (Lee et al., 1998) .
Studies of animal-associated bacteria
In animals, sequence analysis of the 16S rRNA gene has been helpful in understanding the make-up of the bacterial communities in the rumen fluid. Studies on the discovery of cellulose-degrading bacteria in the rumen have uncovered novel bacteria that can be used in the fermentation reactions in biofuel plants (Hess et al., 2011) . Massively-parallel sequencing of the 16S rRNA gene generated catalogues of cellulose degrading bacteria (Hess et al., 2011) . Probing of extracted RNA with oligonucleotides probes would also bypass the need for cultivating bacteria from the rumen. However, the requirement to develop panels of probes proves difficult. Amplification of the 16S rRNA genes requires the use of universal primers, few of which can amplify this gene from multitudes of species.
Studies of human-associated bacteria
It is estimated that microbes in our bodies are ten-fold the number of human cells. Most of these microbes reside in the gut and influence human physiology and nutrition (Backhed et al., 2005; Hooper et al., 2002) . Gut bacteria have been studied extensively using massively-parallel sequencing of the 16S rRNA gene. These studies reveal the dominant bacterial taxa in the human gut and this also creates the necessity to understand the specialized association between humans and the dominant taxa of bacteria in the human gut. The more than 400 bacterial species in the human gut are grouped into a few taxonomic divisions (Eckburg et al., 2005) : Bacteroides, Eubacterium, Clostridium, Ruminococcus and Faecalibacterium. However, each individual appears to have a unique microbial community (Ley et al., 2006; Eckburg et al., 2005; Zoetendal et al., 1998) .
Vaginal bacteria have also been surveyed using sequence analysis of the 16S rRNA gene. The vaginal ecosystem is unique and can be more complex in women with bacterial vaginosis (Hillier et al., 1993) . Because the composition of the vaginal microflora may determine the state of healthiness of women it is therefore important to survey this microflora in order to understand the underlying causes of vaginal disorders. These studies have been made possible by sequence analysis of the 16S rRNA gene to determine the diversity of the bacteria in the vaginal ecosystem.
Studies of environmental bacteria
Microbial survey of marine ecosystems has also been undertaken. Multiple samples of ocean water were collected on a long transect and millions of sequencing reads of the 16S rRNA gene were analyzed to determine the diversity of the ocean bacteria (Venter et al., 2004) . Conclusions drawn from these studies will increase our understanding of the earth as the marine ecosystem is bigger than the terrestrial body. Similar studies have been extended to include remote and extreme environments such as the poles, hypersaline environments such as the Dead Sea and the Great Salt Lake, ancient deposits and various extremophiles have been classified and have been included in the catalogues of bacterial species from various ecosystems. For human hygienic and water management, sewage systems have been surveyed to determine the diversity of bacterial communities found in sewages.
LIMITATION OF THE USE OF SEQUENCE ANALYSIS OF THE 16S rRNA GENE IN IDENTIFYING AND CLASSIFYING BACTERIA
Bacterial species Deinococcus geothermalis and Bacillus subtilis have no apparent clustering of substitutions in 16S rRNA genes. Some bacterial species were found to have unusual regional diversity among paralogous 16S rRNA genes. Other bacterial species have truncated 16S rRNA genes (Pei et al., 2010) . These defects pose limitations on the use of the 16S rRNA gene. Based on the fact that the sequence analysis of 16S rRNA gene requires the use of molecular techniques like sequencing, a single error in the identification process may lead to incorrect identification which may lead to misrepresenttation of the taxa concerned.
The number of rRNA gene regions in prokaryotic chromosomes differs widely (Krawiec and Riley, 1990) . The variation in the number of 16S rRNA gene copies in any one cell may bring uncertainty on the number of copies being compared in any comparison. Furthermore, diversities among species which have recently diverged may not be easily recognisable by sequence analysis of their 16S rRNA genes contracting associations established by DNA-DNA hybridisation (Fox et al., 1992) .
CONCLUSION
Approaches to identifying and studying bacterial diversity often relied on the traditional methods of plating bacteria on agar. These approaches are still relevant for culturable bacteria but fall short of detecting fastidious and unculturable bacteria. Molecular-based techniques like targeted sequencing of the 16S rRNA gene from gross DNA samples have facilitated surveys of bacterial diversity. The sequencing and cloning of individual sequences is however tedious and cannot provide a comprehensive survey of a bacterial community. The 16S rRNA gene can be amplified from pure bacterial colonies or can be amplified directly from a crude sample. Amplified from a crude sample, the 16S rRNA gene can be massively sequenced using high-throughput sequen=cing instruments. Direct amplification of the 16S rRNA gene and its massive sequencing has corrected the underrepresentation of bacteria in many bacterial communities. Analysis of bacterial communities is now made easier by the ample data generated from various bacterial communities survey projects.
